The effects of ball milling on lithium (Li) insertion/extraction properties into/from single-walled carbon nanotubes (SWNTs) were investigated. The SWNTs were synthesized on supported catalysts by thermal chemical-vapor deposition method, purified, and mechanically ball-milled by high-energy ball milling. The purified SWNTs and the ball-milled SWNTs were electrochemically inserted/extracted with Li. The structural and chemical modifications in the ball-milled SWNTs change the insertion/extraction properties of Li ions into/from the ball-milled SWNTs. The reversible capacity (C rev ) increases with increase in the ball milling time, from 616 mAh/g (Li 1.7 C 6 ) for the purified SWNTs to 988 mAh/g (Li 2.7 C 6 ) for the ball-milled SWNTs. The undesirable irreversible capacity (C irr ) decreases continuously with increase in the ball milling time, from 1573 mAh/g (Li 4.2 C 6 ) for the purified SWNTs to 845 mAh/g (Li 2.3 C 6 ) for the ball-milled SWNTs. The enhanced C rev of the ball-milled SWNTs is presumably due to a continuous decrease in the C irr because the SWNTs develop a densely packed structure on the ball milling process. The insertion of Li ions into the ball-milled SWNTs is facilitated by various Li insertion sites formed during the ball milling process in spite of small surface area than the purified SWNTs. Lithium ions inserted into various insertion sites enhance the C rev in the ball-milled SWNTs with the large voltage hysteresis by hindrance of the extraction of Li ions from the ball-milled SWNTs. In addition, the ball-milled samples exhibit more stable cycle capacities than the purified samples during the charge/discharge cycling.
I. INTRODUCTION
Carbon nanotubes (CNTs), multi-walled carbon nanotubes (MWNTs), and single-walled carbon nanotubes (SWNTs) have received much attention as a lithium (Li) insertion host material in high energy density Li-ion rechargeable batteries. MWNTs prepared by various synthesis conditions [1] [2] [3] and thermal oxidation treatments [4] [5] [6] have exhibited reversible capacities of 80 to ∼640 mAh/g (Li 0.2 C 6 -Li 1.7 C 6 ). Lithium reversible capacities of raw SWNTs and purified SWNTs have been reported to be 450 to ∼600 mAh/g (Li 1.2 C 6 -Li 1.6 C 6 ), 7, 8 and to increase to 790 and 1000 mAh/g (Li 2.1 C 6 and Li 2.7 C 6 ) on either mechanical ball milling 9 or chemical etching. 10, 11 Although the Li reversible capacity of CNTs is higher than that of graphite, 372 mAh/g (LiC 6 ), the irreversible capacity is still very high. Therefore, the anodes using CNTs that have previously been reported present a very low coulombic efficiency of 30%.
High-energy ball milling techniques have long been used for the production of composite metallic powder with a fine controlled microstructure. 12 Recently, this technique was used to study the effect of mechanical ball milling on Li insertion into sugar carbons, which have a microporous structure. 13 The authors found that the graphene layers initially become more stacked, the nanoscopic or microscopic pores are rapidly eliminated, and the number of macropores or mesopores increases. Furthermore, the Li reversible capacity of the ball-milled sugar carbon increased more than the irreversible capacity, and thus gave a greater coulombic efficiency. In our previous study about the ball-milled MWNTs, 14 the Li reversible capacity was enhanced and the irreversible capacity was decreased. In addition, the ball-milled MWNTs maintained a more stable capacity during the charge/discharge cycling. Therefore, it is concluded that the Li reversible capacity and the coulombic efficiency of SWNTs can also be increased by the high-energy ball milling.
In this study, SWNTs have been subjected to highenergy ball milling. The structural characteristics and the surface functional groups of the processed SWNTs have been investigated to determine their effects on Li insertion/extraction properties into/from the ball-milled SWNTs.
II. EXPERIMENTAL

A. Mechanical ball milling of SWNTs
The SWNTs were synthesized on the supported catalysts by thermal chemical-vapor deposition (CVD), purified by an acidic treatment, and then followed by a gas-phase oxidation process. 15, 16 The final purified products consisted of 95% SWNT bundles with a length of >10 m and a bundle diameter of about 30-50 nm, as shown in Fig. 1 . The average SWNTs diameter was estimated to be 1.5 nm by the SWNTs radial breathing mode in Raman spectrum.
The purified SWNTs of 50 mg were dry ball-milled (Wig-L-Bug grinder/mixer; Aldrich, St. Louis, MO) in a stainless steel vial (0.5 in. diameter × 1.0 in. length) by the impact mode of a single stainless steel ball (0.25 in. diameter) in air for 10, 30, and 60 min. All ball-milled samples were dried at 150°C for 5 h in a 5 × 10 −6 Torr vacuum before using.
B. Electrochemical test of Li/SWNTs cells
The charge/discharge test of Li/SWNTs cells was performed under a galvanostatic mode using WBCS 3000 (WonATech Co., Seoul, Korea) system. The cells were discharged (insertion) and charged (extraction) under galvanostatic mode at a constant current of 50 mA/g between 0 and 3 V. The cyclic voltammetry test of Li/ SWNTs cells was performed at a constant scan rate of 0.1 mV/s between 0 and 3 V. The electrochemical impedance spectroscopy (EIS) measurement was carried out using FRA2 and PGSTAT20 system (Autolab, Kanaalweg, KM Utrecht, The Netherlands) over the frequency range 100 kHz to 0.01 Hz.
The cell for the electrochemical measurements consisted of Li foil as an anode and SWNT film as a cathode. The SWNT electrodes were prepared by coating slurries consisting of SWNTs (85 wt%) with acetylene carbon black (5 wt%) and poly(vinylidene fluoride) (PVdF) (10 wt%) as a binder dissolved in 1-methyle-2-pyrrolidinone (NMP) solution on stainless steel substrate. All of the SWNTs electrodes were dried for 5 h at 150°C in 5 × 10 −6 Torr vacuum. After drying, the weight of each sample was measured to be about 2-4 mg. The Li/ SWNTs cells were assembled using coin-type cell (Hohsen, Osaka, Japan, 2016 type) in an Ar-filled glove box (M-Braun, Stratham, NJ, MB-20G, oxygen and moisture: <1 ppm). A polypropylene filter soaked with liquid electrolyte (Merck, Whitehouse Station, NJ, LP40), which was 1 M of LiPF 6 dissolved in 1:1 volume ratio of ethylene carbonate (EC) and diethyl carbonate (DEC), was placed between anode and cathode in the cell.
III. RESULTS AND DISCUSSION
A. Structure of purified and ball-milled SWNTs
Scanning electron microscopy (SEM) images of the purified SWNTs and the ball-milled SWNTs are shown in Fig. 2 . The structure of the purified SWNTs was uniform and porous "spaghetti"-type structure where the SWNTs bundles were clearly observed, but that of the ball-milled SWNTs was a densely packed structure where the SWNTs bundles were fractured and flattened with an increase in ball milling time.
The densely packed structure of the ball-milled SWNTs was shown in transmission electron microscopy (TEM) images (Fig. 3) . The ball-milled SWNTs had a structure with opened ends due to fracture of the SWNTs bundles by ball milling, as shown in Fig. 3(b) .
Raman spectra for the purified SWNTs and the ballmilled SWNTs were presented in Fig. 4(a) . Ramanactive vibration modes associated with SWNTs [the tangential modes (A 1g , E 1g , and E 2g ) with peak positions around 1600 cm −1 , the radial breathing mode with peak position around 186 cm −1 ] , and disordered carbon (the broad peaks around 1350 cm −1 ) were observed in all the samples. However, the ratio of total integrated intensity of the disordered carbon mode to that of the SWNTs mode increased with the ball milling time [ Fig. 4(b) ]. This indicates that the ball milling process resulted in a significant increase in the intensity of the disordered carbon mode with broadening of the SWNTs peaks, suggesting that SWNTs were converted to the disordered/ amorphous carbon by the ball milling process.
FIG. 1. TEM images of the purified SWNTs by an acidic treatment followed by a gas-phase oxidation process.
B. Charge/discharge characteristics of purified and ball-milled SWNTs
The charge/discharge characteristics for insertion/ extraction of Li ions into/from the purified SWNTs and the ball-milled SWNTs are shown in Fig. 5 . The reversible capacity (C rev ) is defined as the first charge capacity, while the irreversible capacity (C irr ) is defined as the difference between the first discharge [total Li insertion capacity (C total )] and charge capacities. The charge/ discharge characteristics for five samples taken from different batches were measured under the same conditions. There is a small deviation in capacities of about ±30 mAh/g.
The change in C total , C rev , and C irr , as well as the coulombic efficiency and the percent loss in capacity of the ball-milled SWNTs are given in Fig. 6 as a function of the ball milling time. The C total is about 2150 mAh/g (Li 5.8 C 6 ) without the ball milling time of 30 min, but the C total after ball milling for 60 min decreases slightly to about 1650 mAh/g (Li 4.4 C 6 ). This indicates that the ball milling for 60 min results in a decrease in the Li insertion capacity in the SWNT bundles, which are converted to the disordered/amorphous carbon by the increased ball milling. For the purified SWNTs, the C rev is 616 mAh/g (Li 1.7 C 6 ), whereas the C irr is 1573 mAh/g (Li 4.2 C 6 ) compared with the C rev . The C rev of the ball-milled SWNTs increases with increase in the ball milling time, from 616 mAh/g (Li 1.7 C 6 ) for the purified SWNTs to 988 mAh/g (Li 2.7 C 6 ) after ball milling for 30 min. After further ball milling for 60 min, however, the C rev decreases slightly to 800 mAh/g (Li 2.1 C 6 ). The C irr of the ball-milled SWNTs decreases continuously with increase in the ball milling time from 1573 mAh/g (Li 4.2 C 6 ) for the purified SWNTs to 845 mAh/g (Li 2.3 C 6 ) after ball milling for 60 min. Therefore, the coulombic efficiency of the ball-milled SWNTs increases continuously with increase in the ball milling time from 28% for the purified SWNTs to 49% after ball milling for 60 min; otherwise, the percent loss in capacity decreases with the ball milling time from 72% for the purified SWNTs to 51% after ball milling for 60 min, as shown in Fig. 6(b) .
The voltage plateau at 0.8 V that appears on the first discharge curves shown in Fig. 5 has been attributed to the decomposition of electrolyte and the formation of a solid electrolyte interface (SEI) on the surface of the SWNTs [17] [18] [19] that result in a large C irr for the SWNTs.
2,4,5
The duration of the voltage plateau at 0.8 V is proportional to the surface area of the SWNTs on which the SEI is formed. Therefore, the large surface area of the SWNTs is responsible for the observed large C irr . The voltage plateau at 0.8 V on the first discharge curve for the purified SWNTs is observed longer than that for the ball-milled SWNTs. This indicates that the C irr of the purified SWNTs is larger than that of the ball-milled SWNTs. The percent loss in capacity decreases from 72%-51% with the ball milling, as shown in Fig. 6(b) . The Brunauer-Emmett-Teller (BET) specific surface area, the pore volume and diameter of the purified SWNTs, and the ball-milled SWNTs are shown in Fig. 7 as a function of the ball milling time. The specific surface area of the ball-milled SWNTs [ Fig. 7(a) ] decreases with the ball milling time. The pore volume and diameter of the ball-milled SWNTs also decreased with ball milling, as shown in Fig. 7(b) . The decrease in the specific surface area and the pore volume and diameter of the ballmilled SWNTs indicates that the ball-milled SWNTs have a densely packed structure due to fracture and flatten of the SWNT bundles. The increase in a packing density of the ball-milled SWNTs is believed to be the reason for the reduction in C irr observed in the ballmilled samples.
Following the voltage plateau at 0.8 V, the voltage declines with a sloping profile and the majority of Li ions are inserted into SWNTs below 0.25 V. No voltage plateau is observed below 0.25 V in the charge/discharge curves and indicates the absence of a well-defined insertion staging phenomena in both the purified SWNTs and the ball-milled SWNTs. A sloping profile of the voltage below 0.25 V is also observed in amorphous carbonaceous materials. 18, 19 It is evident from the large voltage hysteresis in the charge/discharge curve (Fig. 5) that most of the Li ions are inserted below 0.25 V in the discharge process, but are extracted almost uniformly between 0 and 3 V. This means that the extraction of Li ions from the ball-milled SWNTs is greatly hindered. Such a large hysteresis was previously observed for MWNTs [1] [2] [3] [4] [5] [6] and SWNTs, [7] [8] [9] [10] [11] and for ball-milled sugar carbons 13 and soft carbons containing substantial hydrogen. 20 This feature is generally attributed to bonding changes in the host, or activated process such as the formation of C-H-Li 20,21 or C-OLi 22 species. 2, 4, 8 The contents of hydrogen and oxygen increase with the ball milling time, as shown in Table I . These hydrogen and oxygen form the surface functional groups, such as carbonyl (C‫ס‬O) and carboxyl (−COOH) groups, 6, [14] [15] [16] [23] [24] [25] [26] [27] chemically bonded to the carbons at the edges of fractured graphene layers of SWNTs by the ball milling process. Since the contents of hydrogen and oxygen consisting of the surface functional groups , and 60 min, and (b) the intensity ratio of disordered carbon peak over ordered carbon peak from Raman spectra of ballmilled SWNTs. The data were collected using an Ar ion laser of 514.5 nm and a micro-Raman spectrometer with a charge-coupled device detector at room temperature.
increase with the ball milling time, the large voltage hysteresis is observed in the ball-milled SWNTs.
The exact mechanism for the enhanced C rev in the ball-milled SWNTs compared with that in the purified SWNTs is not yet clear. Several models have been reported to account for the excess C rev observed in other carbonaceous materials. These include the formation of Li multilayers and Li 2 covalent molecules on graphene layers, the formation of C-H-Li bonds in soft carbons, filling of microcavities, and adsorption of Li ions on both sides of isolated graphene layers. [17] [18] [19] In the ball-milled SWNTs, the edges of graphene layers are formed by fracture of the SWNTs bundles during the ball milling and increase with the ball milling time. Furthermore, the surface functional groups are chemically bonded to the carbons at the edges of fractured graphene layers of the ball-milled SWNTs. Therefore, these factors of the ballmilled SWNTs facilitate the insertion of Li ions into the ball-milled SWNTs in spite of small surface area than the purified SWNTs and enhance the C rev in the ball-milled SWNTs with the large voltage hysteresis by hindrance of the extraction of Li ions from the ball-milled SWNTs. It is evident from the change in the C rev and the C irr of the ball-milled SWNTs (Fig. 6 ) that the enhanced C rev is presumably due to a continuous decrease in the C irr because the SWNTs develop a densely packed structure on the ball milling process. The reduction of C rev with further ball milling is attributed to reduction of the C total by the increase in the disordered/amorphous carbon at the expense of the ball-milled SWNTs.
C. Cyclic voltammetry behaviors of purified and ball-milled SWNTs
Cyclic voltammetry curves for the purified SWNTs and the ball-milled SWNTs for 30 min are given in Fig.  8 . The cyclic voltammetry curves for all the samples clearly show peaks that correspond to the insertion/ extraction of Li ions. Peaks at 0.8 V appear in the first discharge [ Fig. 8(a) ] and correspond to the voltage plateau at 0.8 V in the discharge curve shown in Fig. 5 . These are presumably due to an irreversible reaction in the Li insertion into MWNTs. 5, 25 The peak around 0.8 V appears in the first discharge cyclic voltammetry curve for the ball-milled SWNTs and is smaller than that for the purified SWNTs. This indicates that the amount of Li ions for formation of the SEI in the ball-milled SWNTs is smaller than that in the purified SWNTs due to the densely packed structure of the ball-milled SWNTs by fracture of the SWNT bundles. Therefore, the C irr of the ball-milled SWNTs is found to be less than that of the purified SWNTs.
In the first discharge cyclic voltammetry curves [ Fig.  8(a) ], the charge current area below 0.8 V for the ballmilled SWNTs is larger than that for the purified SWNTs. This suggests that more Li ions are inserted into the ball-milled SWNTs below 0.8 V. It is expected that Li ions are inserted into the inner core of the ball-milled SWNTs through the opened ends formed by fracture of the SWNT bundles. 9 It appears that the insertion of Li ions into the inner core of the ball-milled SWNTs are facilitated more than that of the purified SWNTs due to the opened end and the shortened length of the ballmilled SWNTs in spite of small surface area than the purified SWNTs. This results in enhanced C rev in the ball-milled SWNTs with the large voltage hysteresis by hindrance of the extraction of Li ions from the ballmilled SWNTs.
In the first charge cyclic voltammetry curves [ Fig.  8(b) ], the peaks around 1.25 V and 2.25 V are observed for both the purified SWNTs and the ball-milled SWNTs. The peaks around 1.25 V are attributed to the extraction of Li ions from the inner core, but the extraction of Li ions from the inner core of the ball-milled SWNTs appears to be easier than in the case of the purified SWNTs due to the opened end and the shortened length of the ball-milled SWNTs. Furthermore, the peaks around 2.25 V are attributed to the extraction of Li ions bonded to the surface functional groups, but the amount of extracted Li ions from the surface functional groups in the ball-milled SWNTs is larger than that in the purified SWNTs due to an increase in the contents of hydrogen and oxygen consisting of the surface functional groups by ball milling, as shown in Table I . It appears that the excess C rev of the ball-milled SWNTs is due to the excess extraction of Li ions from the inner core (around 1.25 V peak) and the surface functional groups (around 2.25 V peak) of the ball-milled SWNTs. The extraction of Li ions from the inner core and the surface functional groups results in the large voltage hysteresis by great hindrance in the ball-milled SWNTs.
D. Electrochemical impedance behaviors of purified and ball-milled SWNTs
Nyquist plots of EIS for the purified SWNTs and the ball-milled SWNTs at 0.1 V on the first discharge curves (Fig. 5) are given in Fig. 9 . Two separated semicircles in the high and intermediate frequency range 100 kHz ∼10 Hz and a sloping line in the low frequency range 10-0.01 Hz are observed in the purified SWNTs and the ball-milled SWNTs. The first semicircle at high frequency corresponds to the migration of Li ions through the passivation film such as the SEI, the second semicircle at the intermediate frequency corresponds to the charge transfer reaction, and the sloping line in the low frequency corresponds to the diffusion reaction as Warburg impedance. 28, 29 The film resistance (R f ) at the high frequency is decreased with the ball milling time. This indicates that the SEI formed on the ball-milled SWNTs is smaller than that of the purified SWNTs, because the specific surface area of the ball-milled SWNTs decreases with the ball milling time despite the increase in the surface functional groups with the ball milling time. Furthermore, the charge transfer resistance (R c ) at the intermediate frequency is decreased with the ball milling time, corresponding to the strong tendency for charge accumulation in the ball-milled SWNTs. The R c relates to the electronic resistance depending on the structure of CNTs. 28, 29 For CNTs with the closed end structure, both ends of the tubes are capped by graphene layers with pentagons and heptagons, which have large electronic resistance. When the tubes are open, the electronic resistance decreases with the absence of pentagons and heptagons, and the inner core also plays an important role in the charge accumulation. For the ball-milled SWNTs, the opened end and the shortened length structure result in a strong tendency for charge accumulation in the ballmilled SWNTs. Furthermore, the surface functional groups contribute to the charge accumulation in the ballmilled SWNTs. It is believed that Li ions that accumulate in the inner core and the surface functional groups are extracted with the large voltage hysteresis by great hindrance in the ball-milled SWNTs.
E. Cycle life behaviors of purified and ball-milled SWNTs
The charge/discharge capacity and the coulombic efficiency, and also the percent loss in capacity of the purified SWNTs, and the ball-milled SWNTs for 30 min are shown in Fig. 10 as a function of the cycle number. As mentioned previously, the C rev is defined as the charge capacity, while the C irr is defined as the difference between the discharge and charge capacities. The purified SWNTs and the ball-milled SWNTs present almost uniform charge capacity (C rev ), demonstrating that the purified SWNTs maintain 85% (524 mAh/g) of their initial capacity (616 mAh/g), and the ball-milled SWNTs maintain 94% (928 mAh/g) of their initial capacity (988 mAh/g) after 50 cycles, whereas the discharge capacity is maintained uniformly after a dramatic decrease at the first cycle, corresponding to occurrence of large C irr at the first cycle [see Fig. 10(a) ].
The cycle characteristics of the purified SWNTs and the ball-milled SWNTs for 30 min are presented in the coulombic efficiency and the percent loss in capacity in detail, shown in Fig. 10(b) . Coulombic efficiency of the ball-milled SWNTs reaches about 99% after the second cycle, while that of the purified SWNTs reaches about 99% after the tenth cycle. This suggests that the irreversible reaction in the ball-milled SWNTs, such as formation of the SEI, occurs simultaneously during the first charge/discharge cycle, while in the purified SWNTs, the irreversible reaction occurs continuously until the tenth cycle. After completing the irreversible reaction in the purified SWNTs and the ball-milled SWNTs, the charge/ discharge cycling is stabilized; the percent loss in capacity is almost zero after stabilization of the charge/ discharge cycling. As a result, the insertion/extraction of Li ions into/from the densely packed structure of the ball-milled SWNTs is more stable than that into/from the porous structure of the purified SWNTs.
IV. CONCLUSIONS
The purified SWNTs are mechanically ball-milled by the high-energy ball milling process for modifying the structural characteristics and the surface functional groups.
The C rev of the ball-milled SWNTs increases with the ball milling time to 30 min, from 616 mAh/g (Li 1.7 C 6 ) for the purified SWNTs to 988 mAh/g (Li 2.7 C 6 ) for the ball-milled SWNTs. The undesirable C irr decreases continuously with the ball milling time, from 1573 mAh/g (Li 4.2 C 6 ) for the purified SWNTs to 845 mAh/g (Li 2.3 C 6 ) for the ball-milled SWNTs.
For the ball-milled SWNTs, the edges of graphene layers formed by fracture of SWNTs and the surface functional groups chemically bonded to the edges of fractured graphene layers, and the inner core facilitate the insertion of Li ions into the ball-milled SWNTs in spite of smaller the specific surface area than the purified SWNTs. This results in enhanced C rev in the ball-milled SWNTs with the large voltage hysteresis by hindrance of the extraction of Li ions from the ball-milled SWNTs. It is evident from the change in the C rev and the C irr of the ball-milled SWNTs that the enhanced C rev is presumably due to a continuous decrease in the C irr because the SWNTs develop a densely packed structure on the ball milling process. The reduction of C rev with further ball milling is attributed to reduction of the C total by the increase in the disordered/amorphous carbon at the expense of the ball-milled SWNTs. In addition, the ballmilled samples exhibit more stable cycle capacities than the purified samples during the charge/discharge cycling.
